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Abstract—Licensed-Assisted Access (LAA) enabled LTE op-
erators to access unlicensed spectrum while adhering to Listen-
Before-Talk (LBT) requirements. LAA is based on enhancements
over 4G LTE technology. Differently, 5G New Radio (NR)
technology is being designed from the start to support operation
in unlicensed bands through a technology referred to as NR-
based access to unlicensed spectrum (NR-U). A large amount
of unlicensed spectrum has been allocated in millimeter-wave
(mmWave) bands, making it an attractive candidate for NR-
U. However, the propagation characteristics in mmWave often
require beam-based transmissions. Beam-based transmissions en-
hance spatial reuse, but also complicate interference management
due to the dynamic nature of the directional antennas. Therefore,
some major design principles need to be revisited in NR-U
to address coexistence. This paper elaborates on the design
challenges, opportunities, and solutions for NR-U by taking into
account beam-based transmissions and the worldwide regulatory
requirements. In particular, different problems and the potential
solutions related to channel access procedures, frame structure,
initial access procedures, HARQ procedures, and scheduling
schemes are discussed.
Index Terms—NR, unlicensed spectrum, NR-U, beam-based
transmissions, coexistence, mmWave, channel access, initial ac-
cess, frame structure, scheduling, HARQ.
I. INTRODUCTION
To address the rapid increase of wireless data traffic de-
mand in the upcoming years, the wireless industry has turned
its attention to the unlicensed spectrum bands to aggregate
different bands and improve the capacity of future cellular
systems [1], [2]. The unlicensed spectrum that has global
availability includes the 2.4 GHz, 5 GHz, and 60 GHz bands.
In addition, the design of a system able to work in millimeter-
wave (mmWave) frequencies is inevitable in order to achieve
multi-Gigabit/s data rates for a large number of devices [3],
[4]. The main advantage of mmWave bands is that there
are many GHz of spectrum available. For example, in the
unlicensed 60 GHz band, there has been a recent release of
9 GHz of spectrum in Europe and of 14 GHz in the US [5],
which provides 10× times (in Europe) and 16× times (in the
US) as much unlicensed spectrum as is available in sub 6 GHz
bands.
At the same time, the 3rd Generation Partnership Project
(3GPP) has started the standardization of New Radio (NR),
a Radio Access Technology (RAT) for fifth generation (5G)
systems [6], [7], [8]. One of the options which is being consid-
ered is to allow NR to operate in unlicensed bands, similar to
Long Term Evolution (LTE) Licensed-Assisted Access (LAA)
for the 5 GHz band [9], [10]. NR-based access to unlicensed
spectrum (NR-U) is being addressed in 3GPP Rel-16 [11],
[12]. Different bands have been considered in NR-U, including
the 2.4 GHz, 5 GHz, and 60 GHz unlicensed bands, as well as
the 3.5 GHz, 6 GHz, and 37 GHz bands, which are devoted
to shared access in the US. In particular, the 60 GHz band
is an attractive candidate for NR-U, since it is currently not
very crowded and can offer a large amount of contiguous
bandwidth. All in all, these new spectrum opportunities and
paradigms, together with the new NR technology, promise a
huge amount of capacity that must be efficiently handled in
future cellular networks. One of the most critical issues of
allowing cellular networks to operate in unlicensed spectrum
is to ensure a fair and harmonious coexistence with other unli-
censed systems, such as the Wi-Fi (IEEE 802.11a/h/j/n/ac/ax)
in the 5 GHz band and WiGig devices (Wireless Gigabit, IEEE
802.11ad/ay) in the 60 GHz band [13], [14], [15].
Coexistence in the 5 GHz band has been well studied
in recent years [1], [2], [16], and different solutions have
been proposed and standardized to let LTE gracefully coexist
with Wi-Fi. 3GPP established a Work Item (WI) on LAA
in LTE Rel-13 [9] and enhanced LAA (eLAA) in LTE Rel-
14 [17] to evaluate and specify downlink (DL) and uplink
(UL) operations [18], respectively. Also, in LTE Rel-15, a
WI on further enhancements to LTE operation in unlicensed
spectrum (FeLAA) is about to conclude [19]. To meet world-
wide regulation, a Listen-Before-Talk (LBT)-based channel
access scheme was introduced in LAA, which is similar to
the Clear Channel Assessment (CCA) used in IEEE 802.11.
In regions where the regulation does not require LBT, as in the
US, access schemes, other than the ones proposed by 3GPP,
have been designed and produced. For example, the industrial
consortium LTE-U (LTE in unlicensed) Forum has specified
a proprietary solution referred to as LTE-U [20], [21], which
basically allows coexistence by duty-cycling the LTE continu-
ous transmission. Finally, differently from LAA/eLAA/FeLAA
and LTE-U technologies that operate as supplementary DL/UL
carriers in unlicensed bands anchored to a licensed carrier, the
MulteFire Alliance launched the deployment of a new LTE
technology capable of operating uniquely in unlicensed or
shared spectrum bands [22], [23], [24]. MulteFire addresses
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new problems related to the standalone operation in unlicensed
bands, by enabling simple and rapid deployment, as well as
opening new classes of private network use cases.
Unlike LTE which was initially designed to work in li-
censed bands on the basis of uninterrupted and synchronous
operations and was later adapted to work with asynchronous
protocols for operation in the unlicensed 5 GHz band, NR can
be designed from the start with a great amount of flexibility
for efficient operation in unlicensed bands.
The major difference between NR-U coexistence with other
RATs in mmWave bands with respect to LTE/Wi-Fi coexis-
tence in the 5 GHz band relies on the mmWave propagation
characteristics, which require the use of beamforming to
overcome propagation limits like severe pathloss, blocking,
and oxygen absorption [3], [25]. WiGig has already been de-
signed to deal with these impairments by making directionality
mandatory at either the transmitter or receiver [13]. Also, in
NR, beam management procedures are being standardized for
gNBs and UEs in all operational bands [7, Sect. 8.2.1.6.1].
These beam-based directional transmissions envisioned in NR
potentially can cause less interference and enable spatial reuse,
but they also change the interference layout, and so does
the coexistence framework, due to the dynamic nature of
directional antennas.
In the area of IEEE 802.15 Wireless Personal Area Net-
works (WPANs), multiple solutions have been proposed for
beam management and time-domain coordination in mmWave
bands with beam-based transmissions. Solutions based on
Time Division Multiple Access (TDMA) have been proposed
in [26], [27]. Authors in [28] introduce the concept of
an exclusive region to enable concurrent transmission with
significant interference reduction in mmWave WPANs, by
considering all kinds of directional and omnidirectional trans-
mission/reception antenna patterns. In IEEE 802.11 Wireless
Local Area Networks (WLANs) for mmWave, IEEE 802.11ad
[14] and IEEE 802.11ay [29], [15] use Carrier Sense Multiple
Access (CSMA) and have adopted asynchronous CCA that is
implemented omnidirectionally, while the contention window
status is maintained per beam. In [30], a distributed MAC
protocol is proposed for CSMA-based mesh networks, which
employs memory at the nodes to achieve approximate TDMA
schedules without explicit coordination. For cellular networks,
authors in [31] propose a solution that is based on iteratively
coordinating the concurrent transmissions of different base
stations by means of beam scheduling. Also, multiple solutions
based on spectrum sharing [32] and spectrum pooling [33]
have been recently proposed in the literature for mmWave,
which exploit coordination among different cellular network
operators. Either the coordination of the transmit (Tx) beams
(as proposed in [31], [28]) or the coordination of the channel
access in time domain (as analyzed in [26], [27]) could solve
hidden node problems, but these kinds of solutions require
coordination between Wi-Fi/WiGig and NR-U devices, which
is not possible due to the asynchronous and autonomous opera-
tion of Wi-Fi/WiGig. For that reason, LBT was adopted to con-
trol the channel access in LAA/eLAA/FeLAA and MulteFire.
However, LBT might not work well with directional trans-
missions. Therefore, new regulatory-friendly and distributed
channel access schemes are needed to address coexistence
of NR-U and other RATs under beam-based transmissions
and, particularly, for mmWave bands where beamforming is
needed.
In this paper, we present a tutorial that discusses design
challenges for NR operation in unlicensed bands with beam-
based transmissions, with an emphasis on mmWave bands. We
go through the main NR features defined in Rel-15 and we
discuss the challenges of adapting them for use in unlicensed
spectrum and coexistence with other RATs. For each one of
the identified challenges, we review the available literature
and interesting standard contributions, and suggest innovative
design solutions, that can be further elaborated in future works.
In particular, we address a variety of problems that arise in
different NR-U deployment scenarios related to the following
areas:
• the redefinition and implementation of LBT with beam-
based transmission (channel access procedures),
• the selection of the frame structure for bidirectional
transmissions in TDD (Time Division Duplex) systems,
• the adaptation of NR initial access procedures to meet
the regulatory requirements in unlicensed bands,
• the redesign of NR HARQ procedures (Hybrid Au-
tomatic Repeat Request) and scheduling schemes by
considering the regulatory requirements and the impact
of narrow beam transmissions.
This paper is a tutorial about NR-U, that assumes some
basic knowledge from the reader about NR. An overall de-
scription of NR can be found in [6], and key papers are [8],
[34], [35]. Through this tutorial we refer the reader to specific
sections of 3GPP NR technical specifications and reports when
needed. In line with 3GPP terminology, we refer to an NR
terminal as User Equipment (UE) and an NR base station as
“gNB”1. Similarly, according to IEEE 802.11 standards, a Wi-
Fi/WiGig Station and a Wi-Fi/WiGig Access Point are referred
to as an STA and an AP, respectively.
This paper is organized as follows. Section II reviews
the spectrum allocation and regulatory requirements for the
unlicensed spectrum at 5 GHz and 60 GHz bands. Section III
presents the NR-U layout scenarios and deployment scenarios,
and introduces the different areas of the NR-U system design
that need to be rethought. In Section IV, we highlight the
problems and analyze potential channel access procedures for
NR-U to provide support for different problems that were not
properly addressed in LAA-based and MulteFire technologies.
In Section V, we highlight the trade-offs in the selection of
the frame structure. Section VI reviews the problems and
solutions for the initial access procedure, including SS/PBCH
(synchronization signal - physical broadcast channel) block
design, RACH (random access channel) procedure, and pag-
1Note that NR architecture supports multiple Transmission Reception Points
(TRPs) that act as dumb antennas and are coordinated by a gNB. Through
this paper, we make the distinction only when needed, but in general, we refer
to the NR access point as gNB.
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ing. In Section VII, we illustrate two negative impacts of
LBT on the HARQ mechanism and show how to overcome
them. Section VIII elaborates on the problems related to the
scheduler operation, and highlights scheduler schemes that are
suitable for NR-U. Finally, Section IX concludes the paper.
II. REGULATORY REQUIREMENTS
Operation in unlicensed spectrum is subject to different reg-
ulatory limitations and restrictions that are region- and band-
specific. In this section, we review the spectrum allocation and
the regulatory requirements for the 5 GHz and 60 GHz bands,
which have common global availability and for which most
major geographical areas worldwide have authorized wide
unlicensed spectrum bandwidth.
In Fig. 1 and Fig. 2, we show the unlicensed spectrum
allocation of major geographic areas of the world for the 5
GHz band and the 60 GHz band, respectively, including IEEE
802.11ac channelization in Fig. 1 and IEEE 802.11ad channel-
ization in Fig. 2. According to IEEE 802.11ac channelization,
three subbands (SBs) are available in the 5 GHz band, and each
SB is further divided into multiple non-overlapping channels
(CHs) of 20 MHz bandwidth each. On the other hand, IEEE
802.11ad channelization in the 60 GHz band supports up to six
non-overlapping channels of 2.16 GHz bandwidth each, thus
having a lower number of channels but much wider channel
bandwidths than the 5 GHz band.
ETSI regulation has harmonized the requirements for the
5 GHz band (5.15-5.35 GHz and 5.47-5.725 GHz) and the
60 GHz band (57-66 GHz), as included in [36] and [37],
respectively. To enable worldwide regulation-compliant access
and satisfy a fair coexistence with the unlicensed systems (Wi-
Fi, WiGig, radar) and intra-RAT services, NR-U should fulfill
the following regulatory requirements:
• LBT (CCA): The LBT procedure is a mechanism by
which a device equipment should apply a CCA check
before using the channel and which imposes certain rules
after determining the channel to be busy. CCA uses
Energy Detection (ED) to detect the presence or absence
of other signals on the channel and so determine if the
channel is either occupied or clear. LBT is a mandatory
procedure in Europe and Japan for the 5 GHz and 60 GHz
bands, but it is not required in other regions like the US
and China. The LBT mechanism and its parameters are
specified in [36] and [37]. For each band, it specifies the
CCA slot duration (9 us in 5 GHz, 5 us in 60 GHz), the
CCA check time that depends on a random backoff (i.e.,
16+m×9 us in 5 GHz, 16+m×5 us in 60 GHz, where
m is the number of slots for backoff), the contention
window size (CWS), and the ED threshold (−72 dBm
for a 20 MHz channel bandwidth in 5 GHz, −47 dBm
for an EIRP of 40 dBm in 60 GHz).
• MCOT: Certain regions such as Europe and Japan pro-
hibit continuous transmission and impose limits on the
Maximum Channel Occupancy Time (MCOT) in the
unlicensed spectrum, i.e., the maximum continuous time
a device can use the channel. The MCOT of Load Based
Equipment (LBE) in the 5 GHz band is limited to 2 ms,
4 ms, or 6 ms (and it may be increased up to 8-10 ms
in some cases) [36], depending on the priority class of
the device. The MCOT in the 60 GHz band is 9 ms
[37]. Besides, for the 5 GHz band, it is allowed to share
the MCOT with the associated devices (e.g., gNB and
UEs), and thus enable a continuous combination of DL
and UL transmissions within the MCOT. In these cases,
the initiating device (gNB) must perform LBT to get the
channel. The responding device (UE) does not require a
CCA check if there is a gap lower than 16 us in between
their transmissions (no-LBT), otherwise only a one-shot
LBT with 25 us CCA check is needed. Only a single
DL/UL switching point within the MCOT is permitted.
For the 60 GHz band, the same rules apply (no-LBT
or one-shot LBT), but multiple DL/UL switching points
within the MCOT can be supported [38, Sect. 7.6.2.].
• EIRP and PSD: Operation in the unlicensed spectrum
is subject to power limits in all regions and bands, in
terms of Equivalent Isotropically Radiated Power (EIRP)
and Power Spectral Density (PSD), to constrain the inter-
RAT and intra-RAT interference levels. According to
ETSI regulation, in the 5 GHz band, the maximum mean
EIRP and PSD with transmit power control are limited
to 23 dBm and 10 dBm/MHz, respectively, in the range
5.15-5.35 GHz, and to 30 dBm and 17 dBm/MHz in
the range 5.47-5.725 GHz [36]. In the 60 GHz band,
the maximum mean EIRP and PSD are limited to 40
dBm and 13 dBm/MHz, respectively [37]. Power limits
vary among regions [12]. Indeed, some regions, like the
US, differentiate among indoor and outdoor devices with
different power limits [5], [39].
• OCB: The Occupied Channel Bandwidth (OCB) is de-
fined as the bandwidth containing 99% of the signal
power and, according to ETSI regulation, it shall be be-
tween 70% and 100% of the Nominal Channel Bandwidth
(NCB) in the 5 GHz band [36]. In the 60 GHz band, OCB
shall be in between 80% and 100% of the NCB [37].
• DFS: Dynamic Frequency Selection (DFS) functionality
is used to avoid interfering with 5 GHz and 60 GHz radar
systems, as well as to uniformly spread the traffic load
across the different channels in each band. The regulation
states that whenever radar signals are detected, a device
must switch to another channel to avoid interference.
• FR: The Frequency Reuse (FR) process allows reusing
the same carrier at the same time by different devices of
the same RAT. In general, if a device is accessing the
carrier, then other devices in its coverage area should be
muted in this carrier so that it cannot be reused at the
same time. This reduces the FR factor. The FR mecha-
nism is designed to allow devices of the same operator
to access the carrier simultaneously, and hence increase
the FR factor and improve the spectral efficiency. This is
done by using different ED thresholds for intra-RAT and
inter-RAT signals at devices, which can distinguish the
various signals. For example, LAA in the 5 GHz band
supports FR with an ED threshold of −52 dBm for intra-
RAT signals (as compared to the −72 dBm, used for
inter-RAT signals). Such a rule has not been defined for
NR-U yet.
III. NR-U SCENARIOS
LAA-based and MulteFire technologies that were specif-
ically designed to operate in the 5 GHz band differ from
NR-U which considers multiple bands: 2.4 GHz (unlicensed
worldwide), 3.5 GHz (shared in the US), 5 GHz (unlicensed
worldwide), 6 GHz (shared in the US), and 37 GHz (shared
in the US), and 60 GHz (unlicensed worldwide). The 3GPP
Study Item (SI) on NR-U classifies these bands as sub 7 GHz
and mmWave, and identifies four layout scenarios based on
the propagation environment conditions [40, Sect. 8.1]:
• indoor sub 7 GHz,
• indoor mmWave,
• outdoor sub 7 GHz, and
• outdoor mmWave.
The NR-U network topologies are shown in Fig. 3. The
specific simulation methodology and parameters, still not fully
defined at the time of writing, are specified in [40]. Note that,
in the NR-U SI, references to sub 7 GHz are intended to
include unlicensed bands in the 6 GHz region that are being
discussed in regulatory discussions and which may have some
region exceeding 7 GHz (e.g., 7.125 GHz) [41, Sect. 7.6]2.
On the other hand, to assess the coexistence, the NR-U SI
defines five different deployment scenarios (illustrated in Fig.
4) [40, Sect. 6]:
• Scenario A (NR-NR-U CA): Carrier Aggregation (CA)
between licensed band NR and unlicensed band NR-U,
• Scenario B (LTE-NR-U DC): Dual Connectivity (DC)
between licensed band LTE and unlicensed band NR-U,
• Scenario C (NR-U SA): Standalone unlicensed band NR-
U,
• Scenario D (NR-U-NR DL-UL): NR with DL in unli-
censed band and UL in licensed band, and
• Scenario E (NR-NR-U DC): DC between licensed band
NR and unlicensed band NR-U.
The NR-NR-U CA scenario follows the approach in
eLAA/FeLAA, with the possibility of NR-U for both sup-
plementary DL and UL. On the other hand, the NR-U SA
scenario resembles the approach in MulteFire.
An NR-U system design should be flexible enough to ad-
dress the different layout scenarios and deployment scenarios,
for which NR has already paved the way. NR design is
highly flexible to support a wide range of use cases (i.e.,
enhanced Mobile BroadBand (eMBB), massive Machine Type
Communications (mMTC), Ultra-Reliable and Low-Latency
Communications (URLLC), and enhanced Vehicle to X com-
munications (eV2X)), operate in a wide range of frequen-
cies (sub 6 GHz and mmWave bands), and enable different
deployment options (in terms of inter-site distance, number
of antennas, beamforming structures) and architectures (non-
centralized, centralized, co-sited with E-UTRA, and shared
radio access networks (RAN)) [6].
Some of the key NR features that enable such a flexible and
configurable RAT are:
• a flexible orthogonal frequency division multiplexing
(OFDM) system with multiple numerologies support [6,
Sect. 5.1], [34], [42],
• a configurable frame structure and slot structure that
allows fast DL-UL switch for bidirectional transmissions
[43, Sect. 4.3.2], [44],
2This differs from the common classification in NR that considers sub 6
GHz bands and above 24 GHz (mmWave) frequency ranges.
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• a mini-slot-based transmission which, for the unlicensed
band, provides an efficient way to reduce the latency from
CCA to the start of the NR-U transmission [45], [46],
• the definition of Bandwidth Parts (BWPs) for energy-
saving purposes as well as to multiplex services with
different quality-of-service requirements [6, Sect. 6.10],
[47], [48], and
• support for beam management procedures at both sub 6
GHz and mmWave bands [7, Sect. 8.2.1.6.1], [49], [50].
The coexistence requirement for NR-U remains the same
as in LAA: NR-U devices should not impact deployed Wi-
Fi/WiGig services (data, video, and voice services) more than
an additional Wi-Fi/WiGig network would do on the same
carrier [11]. Therefore, the NR-U system should be flexible
enough to not only support the different topologies and deploy-
ment scenarios, but also to follow region- and band-specific
requirements (e.g., LBT) to gracefully coexist with other
users of the unlicensed spectrum (Wi-Fi/WiGig/LTE/radar).
Although the regulatory requirements were already considered
in the design of LAA-based (LAA/eLAA/FeLAA) and Mul-
teFire technologies, through enhancements over LTE, further
enhancements are needed for NR-U to support beam-based
transmissions.
Some of the beam-based transmission issues to be addressed
in NR-U, are [41]:
• the channel access procedure,
• the frame structure,
• the initial access procedure,
• the HARQ procedure, and
• the scheduling scheme.
Note that the NR-U design is further complicated in the NR-
U SA deployment scenario, for which all the signals must use
the unlicensed band. This affects the initial access, scheduling,
and HARQ procedures.
As previously highlighted, traditional LBT might be insuffi-
cient with beam-based transmissions. As such, new regulation-
compliant and distributed channel access procedures are
needed. As far as the frame structure is considered, NR
inherently includes a very flexible design due to the mul-
tiple numerologies support, but it still can be optimized
for unlicensed-based access to meet the MCOT limit while
reducing the access delay, and enabling fast DL-UL responses
when needed. The initial access and HARQ procedures that
have been adopted in NR can be reused for NR-U; however,
some initial access principles need to be rethought to meet
the regulatory requirements (e.g., OCB). Also, both HARQ
and initial access procedures need to be improved to reduce
the impact that LBT may have on the system performance.
In the next sections, we highlight the problems, review the
available solutions, and propose new potential solutions, for
each of these NR-U procedures.
IV. CHANNEL ACCESS PROCEDURES FOR NR-U
The NR-U SI [11] highlights the need for a fair coexistence
of NR-U with other incumbent RATs in accordance with
regulatory requirements in the corresponding bands. An appro-
priate channel access design, including LBT, is key to improve
the coexistence, even when not mandated by regulation [38,
Sect. 7.6.4], [41, Sect. 7.6.4], in all the NR-U deployment
scenarios shown in Fig. 4: NR-NR-U CA, LTE-NR-U DC,
NR-U SA, NR-U-NR DL-UL, NR-NR-U DC.
The areas in LAA/eLAA/FeLAA and MulteFire LBT mech-
anisms that have not been fully addressed are:
• Support for LBT in beam-based transmissions: LBT is a
spectrum sharing mechanism that works across different
RATs. However, it suffers from the hidden node and
exposed node problems, because different devices in a
network have different coverage. The problem becomes
more complicated when the coverage of sensing and
the coverage of transmitting are different. This may
occur when an omnidirectional antenna pattern is used
for carrier sense while a directional antenna pattern is
used for (beam-based) transmission, leading to a higher
chance of a node being exposed. If the direction of the
communication is known, directional carrier sense may
help in certain situations, but it may also lead to hidden
node problems. In this line, effects of the directivity of
the carrier sense, for beam-based transmissions in NR-U,
should be studied thoroughly and improved to maximize
the system performance [51], [52].
• Support for receiver-assisted LBT in beam-based
transmissions: LBT has been widely adopted in
LAA/eLAA/FeLAA and MulteFire. However, in case of
beam-based transmissions, there are interference situa-
tions that can no longer be detected with carrier sense
at the transmitting node (e.g., gNB). This is because, due
to the use of directional transmissions, listening to the
channel at the point of the transmitter may not detect
activity at the point of the receivers. The receivers are
in a better position to assess potential interference, and
thus LBT alone may not be sufficient. The exchange of
messages between the gNB and the UE can help better
manage interference. Therefore, interference mitigation
schemes that utilize information from the UE need to
be considered for NR-U under beam-based transmissions
[51], [53].
• Support for intra-RAT tight frequency reuse: Modern
cellular networks in licensed spectrum use reuse-1 de-
ployment (or full reuse) and interference management
techniques to mitigate inter-cell interference. Access to
unlicensed spectrum can adopt similar principles within
the same RAT, or at least within nodes of the same RAT
deployed by the same operator. However, uncoordinated
LBT operation results in unnecessary blocking among
different nodes of the same RAT, and thus it reduces
spatial reuse and efficiency as compared to full reuse.
Therefore, new frequency reuse methods are needed to
avoid LBT blocking within NR-U devices of the same
operator, or among devices of different operators if coor-
dination among them is permitted [54], [52].
• Support for CWS adjustment in beam-based transmis-
sions: LAA/eLAA/FeLAA update the CWS based on
HARQ-ACK feedbacks. This procedure has some draw-
backs, as NACKs do not necessarily reflect collisions
and introduce delays into the CWS update procedure.
In addition, under beam-based transmission, the direc-
tionality also makes that some collisions may not be
related to the Tx beam for which the CWS is being
updated, e.g., collisions due to interference coming from
other directions. Accordingly, new procedures for CWS
adjustment under beam-based transmissions should be
defined for NR-U.
Further in this section, we review the above challenges in
more detail and discuss solutions to each of them.
A. Support for LBT in Beam-based Transmissions
Two LBT solutions are envisioned for NR-U to ensure a fair
multi-RAT coexistence in unlicensed bands with beam-based
transmissions: omnidirectional LBT (omniLBT) and direc-
tional LBT (dirLBT) [55]. OmniLBT senses omnidirection-
ally, while dirLBT senses in a directional manner (within the
Tx beam) towards the intended receiver. Wi-Fi and WiGig use
omniLBT. WiGig also includes support for multiple Network
Allocation Vector (NAV) timers (one per STA or beam), i.e.,
the contention window status is maintained per beam although
they are tied to an omnidirectional carrier sense [14].
Under directional transmissions, omniLBT causes overpro-
tection because a transmission is prevented even if a signal is
detected from a direction that may not create harmful interfer-
ence for the intended receiver (i.e., an exposed node problem,
as shown in Fig. 5.(a)-top, for gNB-UE, which could have
reused the spectrum but have been prevented by omniLBT
at gNB). OmniLBT is only correct when transmissions are
aligned in space, see Fig. 5.(a)-bottom. In contrast, dirLBT
does not create overprotection because it only senses the
spatial direction in which the transmission will be carried
out (see Fig. 5.(b)-top). However, in dirLBT, on-going nearby
transmissions might not be detected, and directional hidden
node problems may cause interference as shown in Fig. 5.(b)-
bottom, because the transmission of AP lies within the antenna
boresight of the UE. The above results in an omniLBT that is
overprotective and prevents spatial reuse, and a dirLBT that
(a) OmniLBT (b) DirLBT (c) PairLBT
omniLBT
AP gNBSTA 
UE 
interference
transmission 
prevented
omniLBT
AP gNBSTA UE 
transmission 
prevented
dirLBT
AP gNBSTA 
UE 
transmission 
allowed
a l
i g
n e
d
n o
n -
a l
i g
n e
d
AP 
gNB
LBT
STA UE1 
UE2 
pairLBT
AP gNBSTA UE
pairLBT
AP gNBSTA 
UE 
transmission 
allowed
dirLBT
AP gNBSTA UE
transmission 
prevented
Fig. 5: Behavior of (a) omniLBT, (b) dirLBT, and (c) pairLBT techniques, assuming beam-based transmissions and that LBT is implemented at gNB during an on-going
AP-to-STA transmission, for non-aligned (top) and aligned (bottom) transmissions.
enables spatial reuse with some hidden node problems. These
trade-offs are shown in Fig. 5.(a)-(b) for non-aligned (top) and
aligned (bottom) transmissions.
To properly address the omniLBT/dirLBT trade-off shown
in Fig. 5, in [56] we presented a totally distributed solution,
coined paired LBT (pairLBT). The key idea of pairLBT is to
perform directional sensing in paired directions: the receiver’s
direction (which is equivalent to perform legacy dirLBT) and
its opposite direction(s). The opposite directions can denote a
single direction or a set of directions depending on whether the
beams for carrier sense are either reconfigurable or predefined
based on a set of previously configured beams, respectively.
In this line, in [56], we derive analytic expressions to optimize
the parameters (beam shape and ED threshold) for LBT
in the opposite direction(s) with the objective of reducing
hidden node problems, and also propose additional extensions
to the pairLBT solution that use the sensed power during
the sensing in the opposite direction(s) to properly adjust
the transmit/receive strategy. Fig. 5.(c) shows how the om-
niLBT/dirLBT trade-offs are addressed by pairLBT, for non-
aligned (top) and aligned (bottom) transmissions. We show
in [56] through simulations that the pairLBT solution allows
improving the ability to perform carrier sense by avoiding
hidden node problems, which appear under dirLBT, and by
stimulating spatial reuse, which is prevented with omniLBT
(see Fig. 5). All in all, pairLBT is a simple and fully distributed
technique that ensures a fair indoor coexistence of different
RATs in unlicensed spectrum, and which can be properly
adjusted to the network density and beamwidth configurations
by optimizing the LBT parameters. Note, however, that the
procedure, as defined in [56], applies to indoor scenarios
(i.e., indoor mmWave shown in Fig. 3.(b)), since for outdoor
scenarios a new dimension (the height) should be added to the
definition and optimization.
Results in [56] also demonstrate the trade-off between
omniLBT and dirLBT. It shows that for low network densities,
dirLBT already performs significantly better than omniLBT,
while for high network density, omniLBT is a good technique.
Also, for narrow beamwidths, dirLBT is enough, while for
wide beamwidths, omniLBT is enough. Based on that, another
solution to deal with the omniLBT/dirLBT trade-off depicted
in Fig. 5 is to implement an LBT switching scheme. This
scheme allows to switch the type of carrier sense based on the
beamwidth configuration and density of neighboring nodes,
which addresses the incorrect behavior of traditional LBT
in NR-U beam-based transmissions. Moreover, a dynamic
switching method can also be implemented, where switching
from dirLBT to omniLBT could be done based on indications
like HARQ-ACK feedback, UE measurements, etc. to detect
an excess of hidden node situations. However, to switch
from omniLBT to dirLBT, a new procedure to measure the
overprotective level of omniLBT should be introduced [57].
This could be implemented through message exchange among
the NR-U devices (gNB and UE) to support the detection of
an excess of exposed node situations.
B. Support for Receiver-Assisted LBT in Beam-Based Trans-
missions
As mentioned before, there are situations in which on-going
nearby transmissions cannot be detected at the transmitter
(gNB), either with omniLBT, dirLBT, or pairLBT, and there-
fore, hidden node problems that cause interference arise. For
example, in Fig. 6, assume the AP is transmitting towards
the STA with its Tx beam (green beam). Then, the gNB
wants to access the channel to serve UE1 by performing
LBT (either dirLBT, omniLBT, or pairLBT), which senses
the channel as idle. This enables the gNB to proceed with
directional data transmission towards UE1 (yellow beam). The
gNB transmission will generate interference onto the STA, as
well as UE1 may receive interference from the AP. In this
case, it is the receiver who possesses useful information that
should be properly exploited for a successful, fair, and friendly
channel access in unlicensed bands. Note that, in Fig. 6, if UE2
had been scheduled at the gNB, no interference would have
arisen at any device.
To address these situations, in [58, Sect. 8.2.2], a Listen-
After-Talk (LAT) technique based on message exchange was
introduced. LAT adopts the opposite logic as compared to
LBT: the default mode for a transmitter is ’to send data’
and data is not sent only when it is confirmed that the
channel is occupied by interfering transmissions. That is, the
transmitter transmits when data packets arrive and then solves
collision detected by the receiver according to coordination
signaling. Therefore, LAT considers involving the receiver
to sense the channel directly. In particular, LAT defines two
messages: Notify-To-Send and Notify-Not-To-Send, to allow
the coordination. However, LAT does not use LBT, and so
it is not compliant with the regulatory requirements in the
unlicensed spectrum at 5/60 GHz bands in some regions [37],
[36]. Accordingly, it is a potential approach for the US and
China, as well as for the shared bands without the LBT
requirement, but not for Europe and Japan in 5 GHz and 60
GHz bands.
Wi-Fi and WiGig use an optional RTS/CTS mechanism
to reduce intra-RAT collisions caused by hidden node prob-
lems. These messages involve physical carrier sense and
virtual carrier sense, but only solve intra-RAT interference
problems, as IEEE 802.11 messages are not decodable by
NR devices. RTS/CTS protocol is not currently adopted in
LAA/eLAA/FeLAA and MulteFire. However, it may be worth
reconsidering it for NR-U to deal with intra-RAT problems
since the hidden node and exposed node problems become
more severe under beam-based transmissions.
Other potential solution, which is only based on the physical
carrier sense of RTS/CTS, is the Listen-Before-Receive (LBR)
that we proposed in [59]. Therein, the gNB triggers the UE
to perform carrier sense, and only if the UE responds, the
gNB can initiate the transmission. Carrier sense is used before
sending the trigger and feedback messages over the unlicensed
carrier, thus addressing the NR-U SA scenario. The solution is
illustrated in Fig. 7, where the messages are referred to as LBR
trigger and LBR feedback. In [59], we also detailed how to
implement LBR to complement LBT in NR, by exploiting the
NR flexible slot structure. We showed that, thanks to this im-
plementation, LBR allows an efficient access to the unlicensed
channel. Also, depending on the omnidirectional/directional
sensing that is performed at the gNB (dirLBT/omniLBT)
and UE (dirLBR/omniLBR), different LBT-LBR combinations
may arise. Among all of them, we found that dirLBT-dirLBR
is the best technique and provides significant enhancements as
compared to all the transmitter-only based sensing approaches
(i.e., omniLBT, dirLBT, pairLBT solutions) [59].
In line with the LBR proposal, some solutions propose to
send the LBR trigger and LBR feedback messages (see Fig.
7) over the licensed carrier. This is the case of the so-called
closed-loop LBT, introduced in [60], which is useful for the
NR-NR-U CA, LTE-NR-U DC, and NR-NR-U DC scenarios.
This way, by utilizing the licensed carrier, LBT procedure
can become more robust with lower latency/overhead. Also,
in case that multiple UEs indicate a clear channel, the gNB
can schedule them simultaneously for multi-user transmissions
while avoiding hidden node problems, which will increase the
spectral efficiency of the unlicensed carrier.
These solutions (RTS/CTS, LBR, closed-loop LBT) are
generally referred to as receiver-assisted LBT, as illustrated
in Fig. 7. It was recently agreed that the 3GPP SI on NR-U
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Fig. 6: Incorrectness of (dir/omni/pair) LBT under beam-based transmissions.
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Fig. 7: Receiver-assisted LBT solutions to solve the incorrectness of LBT under
beam-based transmissions by triggering carrier sense at the receivers (UE1 and UE2).
The LBR trigger and LBR feedback messages can be sent over a license carrier
(NR-NR-U CA, LTE-NR-U DC, and NR-NR-U DC scenarios) or through the
unlicensed (NR-U SA scenario). Carrier sense is always done in the unlicensed band.
[11] will study whether receiver-assisted LBT approaches, as
well as on-demand receiver-assisted LBT, enable enhancing
NR-U performance beyond the baseline LBT mechanism [41,
Sect. 7.6.4].
C. Support for intra-RAT tight Frequency Reuse
Apart from the LBT sensing strategies analyzed in the
previous subsections, another problem that may arise due to
the uncoordinated LBT among different nodes of the same
RAT is unnecessary blocking of transmissions, which leads
to degradation in spatial reuse. Note that cellular networks
have been appropriately designed to allow reuse-1 (full reuse)
since they have effective interference management techniques
(e.g., adaptive rate control, power control, Coordinated Multi-
Point (CoMP), enhanced Inter-Cell Interference Coordination
(eICIC)) to mitigate inter-cell interference within the nodes of
a single RAT (e.g., NR from a specific operator). Therefore,
there is no need to block a transmission through LBT among
devices of the same RAT that can be coordinated for trans-
mission in the unlicensed spectrum (e.g., nodes of the same
RAT and same operator). However, such coordination needs
to take into account the possible presence of other operators
and RATs.
An example of the LBT blocking is shown in Fig. 8,
for (a) nodes of different RATs and (b) nodes of the same
RAT. In Fig. 8.(a), the AP has accessed the channel and
then blocks transmission of the gNB, since the gNB senses
the channel as busy with LBT. In this case, the gNB has
to wait for the transmission of the AP and its own backoff
procedure to be finished, after that when gNB completes
successful CCA check, it can access the channel. This behavior
is correct. However, in Fig. 8.(b), gNB1 has accessed the
channel and is blocking the transmission of gNB2 (a node of
the same RAT and operator) due to the aligned transmissions
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Fig. 9: Solutions to avoid LBT blocking among nodes of the same RAT/operator, through (a) self-defer approach or (b) LBT coordination in frequency-domain.
of gNB1 and gNB2, and the LBT mechanism. In this case,
gNB2 must defer the transmission, due to unnecessary LBT
blocking. Note that LBT blocking in Wi-Fi/WiGig is correct
because contention is used and nodes do not coordinate for
transmission. However, improvements can be done for NR-U
when coordination among gNBs may be achieved.
One solution to solve the problem is using different en-
ergy detection thresholds for intra-RAT and inter-RAT trans-
missions. This is used in LAA-releases and IEEE 802.11
networks, which use different thresholds for Wi-Fi and LTE
signals through the identification of the received signal type.
However, the current LAA ED mechanism does not allow to
distinguish among different operators of the same RAT (e.g.,
NR operator A and NR operator B). To solve this case, [54]
proposes to introduce new mechanisms for distinction, e.g.,
by appending some known signal/sequence at the beginning
of the SS/PBCH block transmissions to identify the system.
An alternative solution is presented in [52], [61], where
a method for joint channel access using self-defer within a
group of neighboring gNBs/TRPs of the same operator has
been proposed. The group will self-defer its transmission si-
multaneously after successful LBT for joint channel access so
that nodes among the group do not block each other. The self-
defer solution is shown in Fig. 9.(a). Therein, once gNB1 gets
a clear channel, it communicates with the neighboring gNBs
through the Xn interface3, and if they are performing the CCA
3Xn is an NR interface through which the gNBs may communicate with
one another, similar to the X2 interface in LTE.
procedure, gNB1 would self-defer itself to avoid blocking
gNB2. gNB1 would self-defer until gNB2 has completed the
CCA check and backoff procedure. This solution addresses
simultaneous accesses. However, it does not resolve the case
in which a node has already accessed the channel, and may
block neighbor transmissions of the same RAT and/or operator
that have not already started the CCA check. Also, during the
self-deferral period, there is a risk that nodes of other RATs
and/or operators do occupy the channel.
Another option is to derive LBT coordination procedures.
The LBT coordination procedures require coordination before
starting the data transmission, which is different from transmit
coordination methods, i.e., CoMP and eICIC, which basically
coordinate the data transmissions. We foresee that LBT co-
ordination to finalize the backoff procedure can be either in
time- or frequency-domain. A possible procedure for LBT
coordination in frequency-domain is illustrated in Fig. 9.(b).
If a gNB (gNB2 in the figure) detects that the node occupying
the channel is a node from its own RAT and operator (gNB1
in the figure), it could send a message over the Xn interface
to request LBT coordination to the other gNB. After receiving
such request a gNB (gNB1 in Fig. 9.(b)) could release part of
the channel bandwidth (frequency-domain LBT coordination)
and/or some slots (time-domain LBT coordination), for the
other gNB to complete the backoff procedure. The part of the
channel bandwidth and/or the slots which will be released, as
well as the starting point for transmit coordination, could be
communicated through Xn so that both gNBs, after the backoff
procedure is completed, could start with transmit coordination,
thus improving the spatial reuse.
Note that, in case of time-domain LBT coordination, we
have the same problems as the self-defer approach: other
nodes may occupy the channel during the request-enabled LBT
coordination process. Nevertheless, this does not happen in
case of frequency-domain LBT coordination, since gNB1 does
not release the full spectrum bandwidth. In this case, BWP-
based LBT is needed, i.e., gNB2 should implement CCA only
in the released BWP (as illustrated in Fig. 9.(b), second CCA
block for gNB2). To further improve the proposal and facilitate
the job of detecting that channel is busy due to a gNB of the
same RAT/operator, once a gNB gets access to the channel, it
could inform nearby gNBs over the Xn interface.
D. Support for CWS Adjustment in Beam-based Transmissions
LAA updates the CWS based on HARQ-ACK feedbacks.
If 80% of HARQ-ACK feedbacks of one reference subframe
are NACK, the CWS is increased; otherwise, it is reset.
This collision detection technique has some drawbacks. First,
it is affected by the scheduler policies so that collisions
from different UEs may affect the corrective actions of LBT
differently since they will depend on how many and which
UEs are simultaneously allocated in the reference subframe.
Second, HARQ does not necessarily reflect collisions, e.g.,
NACK may also occur due to a sudden signal blocking. Third,
since HARQ is based on soft combining techniques (i.e., Incre-
mental Redundancy and Chase Combining), an unsuccessful
transmission, due to a collision, may not result in a NACK
in case of successful decoding thanks to the combination
of multiple transmissions. And the last, it introduces delays
in the CWS update. Since LAA uses HARQ-ACK feedback
corresponding to the starting subframe of the most recent
transmission burst, it may detect collision after at least 4 ms,
whereas, Wi-Fi detects collisions after 16 us.
These issues will also appear in NR-U if HARQ-ACK
feedback is used for the CWS update, except that the HARQ-
ACK delay may be reduced due to the flexible slot structure.
As in WiGig, we assume that NR-U gNBs will keep the
backoff status per beam, therefore, the CWS update will also
be done per beam. In this context, if the HARQ-ACK feedback
based method is used, the reported collision may not be linked
to the Tx beam correctly. We would like to remark that, at
the time of writing, the problems that we highlight in this
subsection have not been detected so far in the literature and,
consequently, no solutions are available.
As already mentioned in previous section, LBT (and the
extended CCA procedure) only makes sense if the beams of
neighboring gNBs are aligned. If the gNBs saw each other (as
shown in Fig. 10.(b)), they would backoff to each other and
so randomize their accesses, taking advantage of the CWS
increase. However, if beams of neighboring nodes are not
aligned (see Fig. 10.(a)), the LBT is not effective, even if
the CWS is increased. The gNBs never enter in the backoff
phase, so the access randomization effect is not produced. In
particular, both the gNBs listen to the channel and since it
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is free they both access and collide. Then, they increase the
CWS, they listen again, and they collide again. So, in those
cases where LBT does not work, it is furthermore counterpro-
ductive to increase the CWS based on HARQ procedure.
To summarize, we detect two problems that arise in beam-
based transmissions when the CWS update is based on HARQ-
ACK feedback:
• The lack of correlation between a collision indicated
by a NACK and the Tx beam: HARQ-ACK feedbacks
may refer to collisions due to interference coming from
another direction, while only collisions generated on the
Tx direction line are of interest for the CWS update.
• The inability to enter the backoff phase due to an incor-
rect sensing phase: gNBs that do not see each other would
never enter the backoff phase to randomize their access,
although they increase the CWS based on HARQ-ACK
feedback.
Therefore, for gNBs that do not see each other, we need
the UE to force the backoff procedure to randomize its gNB’s
accesses to the channel since the UE is the only one that has
the knowledge about collision. In addition, we need to isolate
the CWS update procedure from the HARQ-ACK feedback,
because it does not properly capture the directional (and non-
directional) collisions.
We could solve these problems by using a CWS update
at the gNB that is assisted by the UE, i.e., receiver-assisted
CWS adjustment. In particular, by a paired sensing at the
UE. That is, the UE could carry out a paired sensing over the
gNB Tx beam line (receive direction and opposite direction(s))
and, if the channel is sensed as busy during some period, it
could:
• Force backoff at the gNB if it is not aligned to the source
of interference.
• Suggest the most appropriate CWS over the gNB Tx
beam line, based on, e.g., the percentage of slots sensed
as busy during the paired sensing phase.
Hence, we propose not to update the CWS associated to
the Tx beam based on HARQ-ACK feedback, but based on
statistical paired sensing at the UE, over the direction of the
gNB Tx beam.
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V. MCOT STRUCTURE FOR NR-U
After a successful LBT, a device can access the channel at
most for the duration of the MCOT. The NR frame structure
inherently allows NR-U to be able to transmit and receive
in a more efficient manner compared to LAA/eLAA/FeLAA
even with LBT, thanks to the numerologies, mini-slots, and
flexible slot structure [62]. Indeed, the MCOT (i.e., 9 ms in
the 60 GHz band) can be shared between a gNB and its UEs to
achieve a higher spectral efficiency and faster responses under
bidirectional transmissions. In this section, we review how to
define the DL and UL transmission periods within the MCOT.
We foresee two options to define the structure of the MCOT
(as illustrated in Fig. 11):
• MCOT with single DL/UL switch, or
• MCOT with multiple DL/UL switches.
Note that the slot length in NR is much shorter than the
MCOT. For example, with subcarrier spacing (SCS)=120 kHz,
72 slots fit within 9 ms, so that multiple DL/UL switches could
be implemented. Recently, the multiple DL/UL switch option
within the MCOT has been agreed to be supported for NR-U
[38, Sect. 7.6.2], which differs from LAA-based solutions, in
which a single DL/UL switch was permitted. Still, the number
of switch points per MCOT should be further studied [46].
However, both aforementioned options have pros and cons.
An MCOT with a single DL/UL switch has the advantages
that: i) there is a lower overhead due to only one guard band
(shown in gray color in Fig. 11) and ii) avoids multiple LBTs
for successive DL-UL periods. However, the disadvantages are
that: i) the gNB would schedule UL far away in time, for which
the channel may no longer be available, and ii) it increases
delays to get the HARQ-ACK feedback. Accordingly, this
MCOT configuration is suitable for high throughput situations
with relaxed latency constraints, e.g., eMBB traffic.
On the other hand, an MCOT with multiple DL/UL
switches: i) simplifies the HARQ timings related to HARQ-
ACK feedback and ii) ensures channel availability in UL. This
configuration is suitable for delay-sensitive traffic, such as
URLLC and V2X, as well as for low-load traffic categories,
like mMTC. However, it may not be suitable for high through-
put requirements (eMBB), as it has a lower spectral efficiency
due to the need of multiple LBTs in DL and UL4, in every
direction switch, and due to the existence of multiple guard
bands (see Fig. 11).
Let us remark that in [63], [53], it is proposed to structure
the MCOT in two phases: a preparation stage and a data trans-
4Note that whether LBT before an UL transmission that follows a DL
transmission is needed or not, depends on the gap length. See Section II.
mission stage. The preparation stage could be useful to per-
form handshake among the gNB and UEs, according to, e.g.,
receiver-assisted LBT solutions presented in Section IV.B, so
that the channel access efficiency in the data transmission
stage is improved. Under this structure, the discussion about
the MCOT with a single/multiple DL/UL switching points
previously presented would apply to the data transmission
stage.
Based on the above discussion, it is appropriate to optimize
UL/DL structure within the MCOT based on knowledge of the
traffic status and patterns (e.g., Buffer Status Reports (BSR)
and future BSR pattern predictions), the throughput/latency
requirements of the active data flows, their category type
(or 5G Quality-of-Service Indicator, 5QI), and the channel
status at the UEs (percentage of busy and idle slots). The
gNB should consider the information from all the active flows
for the MCOT period. In addition to the intrinsic trade-offs,
it would be beneficial that the gNB notifies the UEs the
selected MCOT structure preferably at the beginning of the
MCOT [46]. The indication could be carried in a new DCI
(Downlink Control Information) format related to the MCOT
structure (format indicator), as proposed in [64]. The DCI
format could be similar to the DCI format 2 0 that specifies
the slot format in NR [65, Sect. 7.3.1.3.1]. This would help
the UEs to prepare for performing LBT ahead of time, as well
as to anticipate the preparation of any potential transmission
in a PUCCH (Physical Uplink Control Channel) or PUSCH
(Physical Uplink Shared Channel) resource.
VI. INITIAL ACCESS PROCEDURES FOR NR-U
The basic structure of NR initial access is similar to the
corresponding functionality of LTE [8]: 1) there is a pair of
DL signals, the Primary Synchronization Signal (PSS) and
Secondary Synchronization Signal (SSS), that are used by the
UE to find, synchronize to, and identify a network, 2) there
is a DL Physical Broadcast Channel (PBCH) that carries a
minimum amount of system information, which is transmitted
together with the PSS/SSS and are jointly referred to as a
SS/PBCH block in NR5, and 3) there is a four-stage RACH
(Random Access Channel) procedure, that starts with the UL
transmission of a random access preamble [35]. This section
reviews the problems and solutions for SS/PBCH block design,
RACH procedure, and paging, which comprise the key features
of the initial access for NR-U.
5In LTE, the PSS, SSS, and PBCH were already available, but NR
introduces the SS/PBCH block in which the three components are always
sent together, so that they have the same periodicity in NR.
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A. SS/PBCH Block Transmission
For NR-U operation, SS/PBCH blocks should be transmitted
no matter if the deployment scenario is NR-NR-U CA, LTE-
NR-U DC, NR-U SA, NR-U-NR DL-UL, or NR-NR-U DC
(see Section III), to enable radio resource management (RRM)
measurement, synchronization achievement, and/or initial ac-
cess. According to NR specifications, an SS/PBCH block
includes the PSS, the SSS, and the PBCH. An SS/PBCH
block spans over 240 contiguous subcarriers and 4 contiguous
OFDM symbols (as shown in Fig. 12). The frequency location
is typically not at the center of the NR carrier (as in LTE),
but shifted according to a global synchronization raster that
depends on the frequency band [66, Sect. 5.4.3]. The time
locations of the SS/PBCH blocks are determined by the SCS
and frequency range [67, Sect. 4.1]. The maximum trans-
mission bandwidth of an SS/PBCH block has been defined
to be [5, 10, 40, 80] MHz with [15, 30, 120, 240] kHz SCS,
respectively. To support beam sweeping and SS/PBCH block
repetitions, multiple SS/PBCH blocks from the same gNB
are organized into SS burst, and multiple SS bursts further
comprise an SS burst set. The periodicity of an SS burst set is
configurable from the set of {5, 10, 20, 40, 80, 160} ms, with
20 ms the default value.
Note that SS/PBCH blocks must be sent by the gNB
even if there is no data, to enable the UEs to detect and
search cells, be synchronized to the gNB, perform beam
measurements, implement handover if required, and decode
broadcast messages. For more details on the PSS, SSS, and
BCH signals see [43]. The synchronization procedure for cell
search is detailed in [67, Sect. 4.1], and the time-frequency
structure of the SS/PBCH block is shown in [6, Sect. 5.2.4].
Different challenges arise in the SS/PBCH block design
and transmission principles in the unlicensed carrier. The
first problem is related to the transmission of the SS/PBCH
blocks and LBT requirement. Since SS/PBCH block may be
interrupted due to channel occupancy, periodical SS/PBCH
block transmission may not be possible [38, Sect. 7.6.4.2].
This can be solved by using the solution adopted in LAA
for discovery reference signals (DRS), which are transmitted
within a periodically occurring time window, and thus increase
the chance for signal transmission [10]. Additional occasions
for SS/PBCH block transmissions, over the legacy periodic
SS/PBCH block transmissions, are proposed in [68]. Also, it
is shown therein how to enable multiple occasions by reusing
the NR SS/PBCH block patterns.
In addition, SS/PBCH block patterns may need to be
redefined to include the LBT resource overhead and enable
SS/PBCH block transmissions through multiple beams, as
discussed in [51]. The 3GPP contribution in [69] describes
solutions to reuse the NR SS/PBCH block patterns while
leaving enough space for LBT in between the blocks and to
switch antenna weights for beam sweeping in between the
different blocks.
The second problem is related to the SS/PBCH block
design in the 60 GHz band, which occurs due to the OCB
requirement and because, in that band, channel bandwidths
of the GHz length order are encountered. The main problem
is that SS/PBCH blocks occupy only a part of the NCB, as
shown in Fig. 12. For illustrative purposes, in Fig. 12, the
SS/PBCH block starts at the first OFDM symbol and is located
at the upper-left corner, although its exact location is defined
in [67, Sect. 4.1]. If SS/PBCH blocks are multiplexed with
data, then the OCB requirement may be met. However, if
SS/PBCH blocks are not multiplexed with data, then the OCB
requirement is not met with the current SS/PBCH block design
in NR. Accordingly, to meet the OCB requirement defined by
ETSI, new design of SS/PBCH blocks in frequency domain is
required for NR-U operation at the 60 GHz band.
In case SS/PBCH blocks are not multiplexed with data, a
basic solution is to send dummy non-useful data in frequency-
domain to meet the OCB requirement. However, this solution
does not add any benefit from the UE perspective and also is
an energy-inefficient solution.
Other solutions to solve this problem may be given as:
• Perform frequency-domain SS/PBCH block repeti-
tions, in such a way that the OCB constraint is met.
• Split and/or reorder the time-frequency structure of the
PSS/SSS/PBCH signals in the SS/PBCH block, to meet
the OCB constraint.
• Use frequency-domain interlaced mapping for
PSS/SSS/PBCH signals, so that they span over an 80%
of the whole channel bandwidth.
This kind of solutions allows meeting the OCB requirement
without incurring additional power consumption (in case of
split and reordering, or frequency-domain interlaced map-
pings) or by using additional power in a clever way to enable
receiving SS/PBCH blocks with a higher signal-to-noise ratio
(in case of SS/PBCH block repetitions).
B. RACH Procedure
RACH procedures in the unlicensed carrier must be im-
proved at least for LTE-NR-U DC, NR-U SA, and NR-NR-U
DC deployment scenarios. In these scenarios, in addition to
contention-free random access, NR-U also needs to support
contention-based random access. The contention-based RACH
procedure in NR has four steps [67, Sect. 8], [35]: UE
transmits a Physical RACH (PRACH) preamble to gNB, gNB
transmits the Random Access Response (RAR) to UE with the
PUSCH resource allocation to send message 3, UE transmits
message 3 over the allocated PUSCH resource, and then gNB
transmits message 4 for contention resolution. Carrier sense
must be performed at each step, and so the initial access
procedure could be delayed if the channel is occupied at
any step. Therefore, high-priority channel access with one-
shot LBT is preferred for RACH. Indeed, the use of two-
step RACH procedures would also be of high interest to
reduce the initial access delay, as proposed in [70], [69],
and identified in the NR-U SI [38, Sect. 7.6.4.2]. Other
enhancements beyond the baseline RACH mechanism may
include: increasing the transmit opportunities for each message
of the RACH procedure so that the expected random access
delay of NR-U can be decreased, and/or simplifying the overall
RACH procedure such that fewer LBTs are needed, and/or
enhancing the LBT design for random access, e.g., by using
power ramping to increase the preamble detection performance
[71].
In addition to that, the PRACH preamble format needs to
fulfill the regulatory requirement of OCB, which will exclude
some of the agreed NR PRACH formats. In Rel-14 eLAA
[18], several types of PRACH waveforms were studied, such
as frequency-domain repetition of a licensed band preamble,
DMRS (demodulation reference signals) repetition in time
domain with frequency-domain interlacing, and frequency-
domain interlaced mapping of a licensed band preamble. In
this regard, the study in eLAA may provide a baseline for the
design of NR-U PRACH interlace waveforms.
C. Paging
Paging is an RRC (Radio Resource Control) procedure to
activate a UE that is in idle mode and, in the unlicensed
context, it is needed at least for LTE-NR-U DC, NR-U SA,
and NR-NR-U DC deployment scenarios. A paging cycle is
defined to allow UEs to wake up and listen at predefined
time slots, to receive possible paging messages. The paging
message is scheduled through DCI and it is transmitted in the
associated PDSCH (Physical Downlink Shared Channel).
The uncertainty of channel availability in the unlicensed
bands due to LBT, makes paging DCI hard to be sent out at
predefined time slots. To solve that, a time interval composed
of multiple slots for potential paging message transmission has
been proposed in [72], [73]. That is, the gNB has multiple
opportunities (multiple slots) to send the paging DCI as soon
as LBT allows it, wherein the UE is listening. Thus, the
probability of blocking due to channel occupancy is reduced at
the cost of a higher energy consumption at UE. This solution
has already been included in NR specifications [6, Sect. 9.2.5],
which states that a paging occasion can consist of multiple
time slots. Also, NR permits the network to transmit a paging
message using a different set of Tx beams or repetitions. Thus,
the reliability and channel availability issues of NR-U can be
addressed by exploiting the time- and/or spatial- domains for
paging in NR.
VII. HARQ PROCEDURES FOR NR-U
In NR, similar to LTE, after reception of data, a device
has to respond with an HARQ acknowledgment (HARQ-
ACK) to indicate whether the data transmission was successful
or not. The time duration between transmissions, HARQ-
ACK feedback, and retransmissions, as well as the way the
transmitted and retransmitted data are combined at the receiver
for decoding, define the basics of the HARQ procedure.
HARQ in NR supports asynchronous incremental redundancy
both for DL and UL. In DL, the gNB provides the HARQ-
ACK feedback timing configuration to UE either dynamically
using DCI or semi-statically using RRC. In UL, upon reception
of the Scheduling Request (SR) or BSR from UE, the gNB
schedules each UL transmission and retransmission using DCI.
In NR, the following terminologies6 are defined in terms of
scheduling and HARQ time-line [67], [76], [74], [75]:
• K0: Delay between DL allocation (PDCCH) and corre-
sponding DL data (PDSCH) reception, [76, Sect. 5.1.2.1],
• K1: Delay between DL data (PDSCH) reception and
corresponding HARQ-ACK feedback transmission on UL
(PUCCH), [67, Sect. 9.2.3],
• K2: Delay between UL grant reception in DL (PDCCH)
and UL data (PUSCH) transmission, [76, Sect. 6.1.2.1],
• K3: Delay between HARQ-ACK feedback reception in
UL (PUCCH) and corresponding retransmission of data
(PDSCH) on DL,
• K4: Delay between UL data (PUSCH) reception and
corresponding HARQ-ACK feedback transmission on DL
(PDCCH).
Fig. 13 shows an example of DL and UL data transmissions
along with the associated HARQ-ACK feedback allocation for
K0=0, K1=1, K2=1, K3=1, K4=1 slots. If PDSCH is sent in
slot n, PUCCH with HARQ-ACK feedback would be sent in
slot n+k, where k is indicated by the field PDSCH-to-HARQ-
timing-indicator (mapped based on the slot-timing-value K1)
in the DCI in PDCCH. Moreover, PUCCH resources, i.e.,
physical resource blocks (RBs) to be used for HARQ-ACK
feedback are also indicated by DCI in PDCCH [67, Sect.
9.2.3]. Similarly, in UL transmissions, PUSCH resources for
UL data transmissions and retransmissions are configured by
DCI in PDCCH, where the slot timing offset is indicated by
the field K2 in DCI [76, Sect. 6.1.2.1].
Note that K3 and K4 need to consider the processing times
at the gNB side, while K1 and K2 have to take into account
the UE processing times. In NR, the UE processing time
is expressed in terms of symbols, instead of slots (unlike
the K parameters), for which the following terminologies are
defined:
6Let us note that, at the time of writing, only K0, K1, and K2 are included in
3GPP technical specifications, see [74]. K3 and K4 are not included, although
they were present in 3GPP technical discussions [75], and are included here
to illustrate the whole HARQ time-line.
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Fig. 13: Problems related to scheduling and HARQ due to LBT.
• N1: the number of OFDM symbols required for UE
processing from the end of PDSCH reception to the
earliest possible start of the corresponding ACK/NACK
transmission from UE perspective,
• N2: the number of OFDM symbols required for UE
processing from the end of PDCCH containing the UL
grant reception to the earliest possible start of the corre-
sponding PUSCH transmission from UE perspective,
where, the details of specific values of N1 and N2 are given
in [77], [75] for different configurations and numerologies.
Two NR features, i.e., the flexible slot structure and the
mini-slot-based transmissions, are important from the HARQ
procedure point of view. The flexible slot structure may reduce
the HARQ delay by allowing the transmission of HARQ-ACK
feedback in the same slot in which PDSCH was received
(self-contained HARQ-ACK feedback) [78], and may en-
able retransmissions in the subsequent slot, provided that the
processing delays at UE and gNB are short enough to permit it.
The mini-slot-based transmissions provide scheduling support
with flexible transmission durations. It also reduces the delay
between the time instant when the channel is found idle and
the time instant when the transmission can be started. This
way it reduces the need of using reservation signals to reserve
the channel until the next allowed transmission time instant
boundary, which was used in LAA to wait until the subframe
boundary (1 ms) (see [9, Sect. 7.2.1.1]).
In case of NR-U SA, there are still two important problems
associated to the interaction of the above defined processing
delays, the HARQ operation, and the LBT requirement (see
Fig. 13):
• HARQ-ACK feedback blocking of a DL HARQ process: It
may happen that PDCCH and PDSCH are transmitted, but
HARQ-ACK feedback in PUCCH is blocked by channel
occupancy (even in case of one-shot LBT in the shared
MCOT). Due to the blocking of HARQ-ACK transmis-
sions, additional retransmissions would occur at gNB.
The problem is further aggravated in case of multi-slot
aggregation, for which multiple HARQ-ACK feedbacks
of different transport blocks are multiplexed together.
• UL data blocking of an UL HARQ process: It may happen
that UL grant is transmitted through PDCCH, but the
corresponding UL data in PUSCH is blocked by channel
occupancy (even in case of one-shot LBT).
The problem of UL data blocking of an UL HARQ process
has already been addressed in eLAA using triggered grant
[18]. The key idea is that for an UL grant, first a subset of the
configuration parameters, for example, modulation and coding
scheme (MCS), transport block size (TBS), and assigned RBs
are sent, then, at a later point, a short triggered grant is sent
on PDCCH to trigger the corresponding UL transmission.
The delay to process the triggered grant and to send the
UL transmission would be short at UE side, because most
of the processing has already been finished based on the
configuration parameters sent earlier before the triggered grant.
This allows the UE to immediately transmit after the triggered
grant without LBT, given that the UE transmission can be done
within 16 us from the transmission of triggered grant, within
the shared MCOT. This solution can be reused for NR-U.
The problem of HARQ-ACK feedback blocking of a DL
HARQ process was not present in LAA/eLAA/FeLAA, be-
cause PUCCH was always sent over the licensed carrier [18,
Sect. 10]. In MulteFire, this problem was partially solved
using the new proposed PUCCH formats, i.e., an extended
PUCCH format (MF-ePUCCH) and a short PUCCH format
(MF-sPUCCH). MF-ePUCCH is sent with PUSCH using
interlaced configuration, while MF-sPUCCH is sent in the
LTE special subframe [22]. Based on that, in MulteFire, the
transmission opportunity to send HARQ-ACK feedback is
defined according to the availability of either MF-sPUCCH,
MF-ePUCCH (PUSCH resources) for the UE. In addition, in
case of MF-sPUCCH (if available) transmission after DL data
transmission, the LBT for it could be avoided according to
the shared MCOT rule. However, LBT blocking of HARQ-
ACK feedback still can arise when the MF-sPUCCH cannot
be placed immediately after its DL transmission.
One of the solutions to solve the HARQ-ACK feedback
blocking of a DL HARQ process in NR-U is postponing
the HARQ-ACK feedback transmission to the next available
slot/symbols which are not blocked. Such a solution of post-
poning the HARQ-ACK feedback has also been considered
in NR for multi-slot aggregation and DL Semi-Persistent
Scheduling (SPS). It occurs when there is a direction conflict
due to DL-UL semi-static configuration or dynamic subframe
indicator (SFI). However, in these cases, both gNB and UE
know that there is a direction conflict, thus the gNB postpones
the reception and the UE postpones the transmission of the
HARQ-ACK feedback. In NR-U, HARQ-ACK feedback can
be postponed, but the gNB would not know that it was blocked
in UL and it would assume a NACK instead. Therefore,
postponing the HARQ-ACK feedback is not sufficient in NR-
U.
A potential solution to solve the above problem can be the
allocation of multiple PUCCH resources for sending HARQ-
ACK feedback corresponding to a PDSCH transmission within
the MCOT (opportunistic HARQ-ACK feedback). This so-
lution has been highlighted in [78] as a potential enhancement
for NR-U. The configuration of multiple PUCCH resources
can be given in the DCI, which requires definition of a
new DCI format for NR-U. The multiple PUCCH resource
configuration for HARQ-ACK may include multiple time
resources and/or beams/TRPs. Once UE receives PDSCH in
slot n, the UE will check whether the activated PUCCH
resources for HARQ-ACK feedback are valid. If any PUCCH
resource after n+K1 slots is not blocked, the HARQ-ACK
feedback is transmitted. If all PUCCH resources are blocked,
then HARQ-ACK feedback is discarded. The gNB must wait
and check whether HARQ-ACK feedback can be decoded in
any of the allocated multiple PUCCH resources. As soon as
the gNB decodes the HARQ-ACK feedback, it can proceed
with either retransmissions or new data transmissions without
monitoring of the remaining allocated PUCCH resources.
Another option to solve the problem is to use a triggered
HARQ-ACK feedback (as proposed in [78]). That is, to use a
DL triggered grant to trigger the transmission of HARQ-ACK
feedback. This is similar to the solution adopted in eLAA
which is used to resolve the UL data blocking problem.
VIII. SCHEDULING METHODS FOR NR-U
NR, like LTE, uses dynamic scheduled access for both
DL and UL, for which the scheduling decisions are made at
the gNB. Each UE monitors multiple PDCCHs, which, upon
the detection of a valid DCI, follows the given scheduling
decision and receives (transmits) its DL (UL) data. In NR-U,
the dynamic scheduler design would have some challenging
issues to solve because of the regulatory requirements for
accessing the unlicensed bands. One of such issues arises due
to MAC & PHY processing delays and the requirement of
LBT, which we discuss in detail in Section VIII-A. In addition
to that, the scheduler needs to take the OCB and MCOT
requirements into account as well. At each transmission time
interval, the gNB needs to schedule the UEs such that the
OCB requirement is full-filled. For example, multiple UEs
must be multiplexed in frequency domain in such a way that
the OCB requirement is satisfied, e.g., by scheduling UEs that
are associated to the same beam in a slot. Also, the gNB should
take MCOT limitation into account while scheduling different
data flows because the channel availability after MCOT cannot
be ensured.
Alternative scheduling schemes with less dynamic nature,
for example semi-persistent scheduling (SPS) or Autonomous
UL (AUL) might be more suitable for NR-U, which we discuss
in detail in Section VIII-B.
A. Impact of Processing Delays and LBT on the Scheduler
As in LTE, in LAA-based and MulteFire technologies, there
is 1 ms (one LTE subframe) of MAC processing delay and
1 ms of PHY processing delay for each transmission. For
example, as shown in Fig. 14, data scheduled in subframe
number 0 (SF0) can be transmitted over the air after 2 ms in
SF2. This allows two ways to perform LBT, which are also
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Fig. 14: Processing delays in LTE.
SF0     SF1    SF2
MAC
PHY
On AIR
subframe
(1 ms)
time
M0      M1      M2
M0      M1  
M0
MAC   PHY    AIR
LBT start
LBT success
MAC   PHY    AIR
LBT start
LBT success
subframe
(1 ms)
access delay
access delay
(b) LBT after MAC processing
time
time
(a) LBT before MAC processing
Fig. 15: Options to perform LBT in LAA. For NR, the same options apply, but the
subframe would correspond to a slot or symbol (depending on the device processing
capabilities) that has a numerology-dependent length.
shown in Fig. 15: (a) LBT before MAC processing, (b) LBT
after MAC processing7.
In the LBT before MAC processing option, the delay to
access the channel, given that the channel is clear, is larger
than two subframes (see Fig. 15.(a)). In this solution, the
MAC/PHY configuration of the current transmission can be
modified based on the LBT outcome (e.g., adjust the MCS
based on the sensed power during LBT). In the LBT after
MAC processing option, if the channel is clear, then the
delay to access the channel is lower than one subframe. If
the channel is not clear within the duration of the PHY
processing (see Fig. 15.(b)), then the MAC Packet Data Unit
(PDU) needs to be rescheduled, which will incur an access
delay of more than three subframes to reschedule at RLC,
and then reprocess at MAC and PHY. In addition, in this
case, when the channel is clear, the MAC/PHY configuration
of the current transmission cannot be modified based on
the LBT outcome. In both the options, when the channel
is clear, reservation signals may be needed to reserve the
channel until the subframe boundary corresponding to the
data transmission starts. In line of the above, LBT before
or after MAC processing solutions have clear trade-offs. The
LBT before MAC processing provides more flexibility at the
scheduler, but it requires the use of reservation signals during
MAC and PHY processing for a long duration. On the other
hand, the LBT after MAC processing reduces the duration of
7Note that the selection of LBT scheme out of these two options is
implementation-specific, therefore, it is not defined either in LAA-releases
or MulteFire, but one of the options has to be implemented in real chipsets.
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Fig. 16: LBT after MAC processing with two spatial MAC PDU replicas and two
parallel LBT processes.
use of reservation signals but requires handling rescheduling
if LBT fails which complicates the scheduler operation.
In NR, MAC/PHY processing delays are of the order of
OFDM symbol length, for which the specific values can be
derived based on the device capability and the numerology
[77]. Although the processing delays are reduced in NR, the
same trade-offs of LBT before and after MAC processing
options described above will still exist for NR-U. However, for
LBT after MAC processing, due to small delay in accessing
the channel, i.e., less than one OFDM symbol, which can be
for example 8.93 us for SCS=120 kHz, there may not be any
need of using reservation signals. This is an important aspect,
since there are some suggestions in 3GPP to eliminate the use
of reservation signals, which may also be prevented by the
ETSI regulation in the future [79].
In case of UL scheduled transmission in NR-U, LBT after
MAC processing is a better solution because the scheduling
decision has already been made by the gNB and it becomes
important to not lose the allocated resource for UL access.
Losing the transmission opportunity in UL may delay suc-
cessful transmission. It may also affect the DL performance
for example in the case of Transmission Control Protocol
(TCP), which requires transmission of timely TCP ACKs in
the opposite direction.
One of the solutions to increase the probability of channel
access while performing LBT for the beam-based transmis-
sions is to use multiple spatial replicas of the same trans-
mission. This is more suitable for the DL transmissions, where
multi-TRPs can be used to generate multiple spatial replicas,
i.e., multiple beams for the same UE. However, it also applies
to the UL in case the UE has connectivity with multiple
TRPs/beams. In this solution, we propose to:
• prepare multiple replicas of the same MAC PDU sched-
uled for a certain slot/symbol of a specific UE with
different beam-pairs or TRPs for that UE,
• perform simultaneous directional LBTs on different Tx
beams after MAC processing, and
• then proceed with the best beam/TRP for which LBT is
successful (i.e., that finds the channel available on time).
In case of multiple beams with successful LBTs, the final
selection can be based on the channel conditions on the
selected beams.
This is illustrated in Fig. 16 for two spatial replicas. This
solution requires a process of selecting multiple beams/TRPs
for each transmission link, as well as the capability of per-
forming LBT simultaneously on multiple beams/TRPs. This
method would incre se the reliability and reduce the impact of
LBT failure on latency. It would also reduce the access delay
and improve performance in case that MAC/PHY processing
delays are of the slot length order and/or the use of reservation
signals is not allowed.
In FeLAA [18], a similar kind of solution was adopted by
allowing multiple starting positions in the DL and UL special
subframes, which is basically using multiple replicas of MAC
PDU in the temporal domain. Similarly, in [80], [81], [82], it
was proposed to use multiple PDCCHs to indicate different
starting positions for the special subframes, whereas in [83],
it was proposed to adjust the MCS according to the remaining
time available for transmission which will depend on time
instant at which the channel is found available by LBT.
B. Non-dynamic Scheduling Schemes
Scheduling schemes other than the dynamic scheduled ac-
cess might be more suitable for NR-U, and particularly for
UL access. In the case of UL dynamic scheduling, first, the
UE has to send a SR/BSR to request an UL grant (DCI in
PDCCH) from its gNB. Then, after receiving the UL grant, the
UE performs the data transmission in PUSCH. In unlicensed
spectrum, this process will need multiple LBTs (in particular,
3 LBTs for NR-U SA scenario). This means that, if channel
is occupied at any step, it will incur long delays to UL data
transmissions.
A potential solution to reduce the message exchange over-
head of dynamic scheduled UL is Semi-Persistent Scheduling
(SPS). SPS is a periodic scheduled access through which the
gNB pre-configures periodic resources for data transmissions
to/from specific UEs through a single UL grant. It requires
less control signaling as compared to dynamic scheduling.
The periodicity, the time-domain resources, and the duration
of the SPS are configured by RRC signaling, whereas the RB
allocation and MCS are indicated in the activation DCI. This
is convenient for NR-U UL to simplify the SR/BSR/UL grant
handshake and reduce the number of required LBTs that are
needed before a UE can successfully access the unlicensed
channel.
UL SPS is a potential scheme to reduce the access delay in
NR-U UL, provided that its parameters: size γ (i.e., amount
of data, in bits, which is given by the number of assigned
resources and MCS), periodicity µ (in number of slots), and
number of repetitions λ (period for which the assignment
is valid) are properly configured for the traffic pattern. For
example, consider a UE which needs to download some data
from a remote host, in that case, SPS can be used to reserve
space for TCP ACKs every µ slots for an amount of data γ,
and the SPS is to be released after a sufficient number of λ
slots to download all the data. Moreover, to avoid blocking
of UL SPS due to LBT, the gNB can also use the triggered
grants (see Section VII).
In Rel-14 eLAA, it was also found that scheduled UL
transmission has disadvantages in terms of throughput and
latency, compared to contention-based transmissions used in
other coexisting RATs, such as Wi-Fi. To compensate for
that, Rel-15 FeLAA introduced the Autonomous UL (AUL)
transmissions8. In AUL, a UE is allowed, upon activation, to
transmit its PUSCH on resources devoted for contention-based
access without a UL grant. Therefore, the AUL also eliminates
the handshake of SR, BSR, and UL grant for UL access
[84]. The resource allocation for AUL in NR is similar to
the legacy SPS resource allocation mechanism. That is, time-
domain resources for AUL are configured by RRC signaling,
and then the activation/deactivation is done through the DCI
in PDCCH, which indicates to the UE the RBs and MCS to
use if UE wants to access the resources devoted for AUL.
However, losses due to collisions and blocking owing to
channel occupancy may occur in AUL. To solve that, multi-
TRP deployment and multi-beam operation can be exploited to
configure AUL transmissions to multiple TRPs, by following
the same approach as in the spatial replicas based solution
described in Section VIII-A. In this case, TRPs should be
coordinated by the gNB to indicate RBs and MCS related to
the same TBS.
IX. CONCLUSIONS
This paper has highlighted challenges and analyzed po-
tential solutions for NR-based access to unlicensed spec-
trum with beam-based transmissions. Different topics such as
channel access, frame structure, initial access, HARQ, and
scheduling were discussed in the context of NR-U. For the
channel access procedures, we reviewed the solutions for
i) LBT under beam-based transmissions, ii) receiver-assisted
LBT in beam-based transmissions, iii) intra-RAT frequency
reuse improvement, and iv) CWS adjustment in beam-based
transmissions. Different slot structures with multiple DL/UL
switching points during MCOT were analyzed as the can-
didates for NR-U. For NR-U initial access, NR SS/PBCH
block design, NR RACH procedure, and NR paging pro-
cedure were revisited to take LBT and OCB requirements
into account. At the MAC level, two problems related to the
HARQ procedures were identified, for which, the solutions
based on self-contained/triggered/opportunistic HARQ-ACK
feedback were also described. Finally, different scheduling
options to improve the NR-U access delay were highlighted.
Particularly, a scheduling solution using the multiple spatial
replicas with beam-based transmissions, and the use of existing
schemes in NR such as SPS and AUL for reducing the message
exchange overhead for NR-U were discussed.
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